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INTRODUCTION
Thymus physiology. The thymus is an ancient lymphoid organ that was present in both jawed and jawless vertebrates as a "thymoid" region (Hirano et al., 2013) . Composed of thymocytes of hematopoietic origin and thymic epithelial cells (TECs) of nonhematopoietic origin, the thymus is the primary organ responsible for de novo generation of a diverse repertoire of immunocompetent T cells capable of conferring defence against non-self antigens (Delfino et al., 2011a) . T cell development depends on interactions between antigen-MHC complexes on the surface of medullary TECs (mTECs) and the T-cell receptor (TCR) complex on the surface of thymocytes. In recent years, several novel molecules have been identified as critical modulators of thymic physiology. For example, studies have demonstrated that, in addition to interacting physically with thymocytes, TECs produce soluble factors such as thymic stromal lymphopoietin (TSLP). Polymorphisms in the gene encoding this cytokine have been associated with the development of multiple allergic disorders in humans, indicating that TSLP is a critical regulator of Th2 cytokine-associated inflammatory disease (Siracusa et al., 2011) .
Other molecules involved in thymocyte differentiation have also been discovered and become the focus of much research. During T cell development, thymocytes survive by positive selection and are exported to the periphery if their affinity with TECs is weak. One important player in this interaction is Themis, a protein that increases the affinity threshold for activation, thus enabling positive selection of T cells with a naïve phenotype in response to low affinity selfantigens (Fu et al., 2013) . Undergoing correct TCR rearrangement is also critical for thymocyte development. This maturation step occurs via a multistep process involving a concert of control factors such as intergenic control region 1 (IGCR1) (Guo et al., 2011) and cohesin (Seitan et al., 2011) . These processes lead to the differentiation of thymocytes through various stages characterized by the expression of the CD4 and CD8 co-receptors, namely double negative (DN, positively selected mature T cell subsets can be further distinguished. For instance, CD4 + T regulatory (Treg) cells expressing the transcription factor Foxp3 play a key role in limiting the inflammatory response in many organs, particularly in the intestine where they are derived from thymic (Cebula et al., 2013) and extrathymic (Lathrop et al., 2011; Arpaia et al., 2013) regions.
Interestingly, different T cell subpopulations develop in the thymus under the guidance of signature transcription factors that induce rapid epigenetic remodelling. For instance, promyelocytic leukaemia zinc finger (PLZF), a BTB-zinc finger transcription factor that directs the innate-like effector program of natural killer T cells, has been associated with cullin 3 (CUL3), an E3 ubiquitin ligase previously shown to use BTB domain-containing proteins as adaptors for substrate binding (Mathew et al., 2012) . Approximately 85-90% of thymocytes that do not undergo positive selection die by apoptosis in a process called negative selection (deletion of autoreactive thymocytes) or neglect (neither positively nor negatively selected thymocytes)(figure 1). Additionally, thymocyte apoptosis can be triggered by exogenous molecules such as glucocorticoids, which can lead to atrophy (Pozzesi et al., 2013) .
Caspase-8 in thymus function. One important molecule critical to apoptosis in the thymus is caspase-8. Considered an initiator caspase, this pro-apoptotic member of the caspase family is activated upon stimulation by a death receptor (e.g., Fas), recruitment of the adaptor molecule FADD, and recruitment and subsequent processing of pro-caspase-8 via the extrinsic pathway. In the thymus, this cysteine protease mediates (1) TCR-triggered, (2) death receptor-mediated, and (3) glucocorticoid-induced apoptosis. Caspase-8 is active in medullary, semi-mature heat-stable antigen hi (HSA hi ) SP thymocytes as a consequence of strong TCR stimulation. The death receptors, Fas, FADD, Faim (Huo et al., 2009) , and FLIP, are involved upstream of caspase-8 activation,
while Bid and HDAC7 are activated downstream. Finally, caspase-8 has been linked to the protein Gilz in mediating glucocortocoid-induced thymocyte apoptosis (Pozzesi et al., 2013) .
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THYMUS PATHOLOGY
Impairment of any molecules or processes involved in thymic physiology and thymocyte differentiation can lead to the development of disease. The thymus is the site of proliferative diseases (thymomas) as well as immunodeficiency and autoimmunity. This organ is also affected by extrathymic diseases, such as acute infections, cancers, or allogeneic bone marrow transplantation, all of which provoke thymic atrophy and disrupt the immune response (figure 2).
Thymomas are indolent, malignant tumours with a propensity for spreading locally.
Thymomas are found in 15% of patients with myasthenia gravis, 50% of those with pure red cell aplasia (PRCA), and 10% of those with adult-onset hypogammaglobulinemia (Venna et al., 2011; Detterbeck and Zeeshan, 2013; Seton et al., 2013) . Malignant thymomas are also found in 10% of Good's syndrome cases (Masuda, 2011) . With similar NK and B cell deficiency, one of these cases strongly resembled the phenotype of an Ikaros-null knockout mouse (Ng et al., 2011) . A recent report has also demonstrated thymoma development with acquired autoimmune polyglandular syndrome type 1 (APS1), a monogenic syndrome of pleomorphic autoimmunity characterized by hypoparathyroidism, hypoadrenalism, and candidiasis. APS1 arises from defects in the gene encoding auto-immune regulator (AIRE), which regulates the expression of tissue-specific selfantigens by mTECs. In the absence of AIRE, many tissue-specific self-antigens are not expressed in the thymus, resulting in multi-organ autoimmunity due to faulty negative selection of autoreactive T cells (Cheng et al., 2010) . events are active in thymocytes and may be responsible for autoimmune diabetes (Pandarpurkar et al., 2003) .
In mouse thymic lymphoma 3SB cells expressing wild-type p53, ionizing radiation (IR) and UV light are potent triggers of caspase-3-dependent apoptosis. Although cytochrome c is released from mitochondria, caspase-9 activation is not observed following UV exposure. Instead UV light triggers the extrinsic apoptotic pathway and caspase-8 activation, which leads to Bid-mediated cytochrome c release from mitochondria. Thus, the post-mitochondrial apoptotic (intrinsic) pathway downstream of cytochrome c release cannot mediate the apoptosome function in UVinduced apoptosis in thymic 3SB cells (Okamoto et al., 2010) .
Thymic graft-versus-host disease (tGVHD) can contribute to profound T cell deficiency and repertoire restriction after allogeneic BM transplantation (allo-BMT). However, the cellular mechanism underlying tGVHD and the interactions between donor alloreactive T cells and thymic tissues remain poorly defined. Using clinically relevant murine allo-BMT models, studies have
shown that low numbers of donor alloreactive T cells, which caused mild non-lethal systemic GVHD, were sufficient to damage the thymus, delay T lineage reconstitution, and compromise donor peripheral T cell function. Radiation in BMT conditioning regimens can upregulate the expression of Fas and death receptor 5 (DR5) on thymic stromal cells (especially the epithelium), and decrease expression of the anti-apoptotic regulator of cellular caspase-8-like inhibitory protein.
tGVHD can be mediated by interaction of donor alloreactive T cells with FasL and TNF-related apoptosis-inducing ligand (TRAIL) but not TNF or perforin, thereby disrupting thymic stromal cells, cytoarchitecture, and function (Na et al., 2010) .
THYMUS PHARMACOLOGY
The thymus has been the target of numerous therapeutics designed to treat the aforementioned disease conditions. For example, a therapy that targets the thymus can be an This antibody is also used with fludarabine for reduced-intensity conditioning in HLA-matched HSCT in patients with chronic granulomatous disease (Gungor et al., 2013) . Interestingly, the response and survival of aplastic anaemia patients elicited by hATG is far superior over rATG treatment (European and Marrow Transplant Group, 2011) .
Pharmacological and toxicological induction of caspase-8-dependent thymic apoptosis
Targeting the caspase-8 pathway can be an important element in treating thymomas and rendering chemotherapy-resistant thymomas more responsive to chemotherapeutic agents.
Therefore, many compounds have been developed for these purposes (table 1) .
Immunomodulators
Glucocorticoids (GC) are well-established inducers of apoptosis in the thymus. Caspase-8 has been implicated in this process (Pozzesi et al., 2013) along with glucocorticoid-induced leucine zipper (Gilz), which is upregulated by GCs in thymocytes. Recently, Gilz has been demonstrated to be involved in regulating T helper cell differentiation (Cannarile et al., 2009 ) and controlling malignant transformation through inhibition of Ras-driven tumourigenesis (Ayroldi and Riccardi, 2009; Ayroldi et al., 2012) . In the thymus, GC-induced expression of Gilz is strictly linked to caspase-8 expression and activation, suggesting a feedback loop between Gilz and caspase-8 that begins with GC-mediated Gilz transcription. Once expressed, Gilz induces caspase-8 activation, which in turn promotes Gilz maintenance through its sumoylation and subsequent inhibition of ubiquitination/proteasomal degradation (Delfino et al., 2011b dependent on both GC-dependent regulation of Gilz transcription and caspase-8 activation (Pozzesi et al., 2013) .
Cannabinoids are known to interact with CB1 and CB2 receptors expressed in the nervous and immune systems, respectively. These compounds mediate a wide range of effects, including anti-inflammatory ones. Studies have shown that JWH-015, a synthetic CB2-selective agonist, can trigger thymocyte apoptosis in vitro. JWH-015 induced cross-talk between the extrinsic and intrinsic pathways of apoptosis by involving caspase-8, -9, and -3, thereby leading to loss of mitochondrial membrane potential. Finally, JWH-015 administration in vivo caused thymic atrophy. Taken together, data from this study suggest that CB2-selective agonists, devoid of any psychotropic effect, may serve as novel anti-inflammatory/immunosuppressive agents (Lombard et al., 2007) .
Terfenadine. The treatment of rat thymocytes with terfenadine (an anti-allergic drug) resulted in a dramatic increase in DNA fragmentation. Terfenadine stimulated caspase-8, -9, and -3-like activities in a time-dependent manner in thymocytes. The active forms of caspase-3 and -9
were detected in extracts from terfenadine-treated cells by immunoblotting using specific antibodies to caspases; however, active caspase-8 was not detected in this fraction, suggesting that terfenadine induces apoptosis in rat thymocytes via a mitochondrial pathway (Enomoto et al., 2004) . (Salmond et al., 2002) .
Heat-labile enterotoxin (EtxB
Chemotherapeutic agents
Gamma-tocopheryl quinine (Gamma-TQ), an oxidative metabolite of gamma-tocopherol, is a potentially powerful chemotherapeutic agent since this molecule exerts powerful cytotoxic effects, induces apoptosis, and escapes drug resistance in human acute lymphoblastic leukaemia and promyelocytc leukaemia cells. The apoptotic potential of gamma-TQ was studied in vivo in murine thymoma cells grown in ascites. Gamma-TQ induced apoptosis in a dose-and time-dependent manner in all cell types examined. However, HL-60 and thymoma cells exhibited greater sensitivity, possibly owing to activation of caspase-8, caspase-9, Bid, and mitochondrial cytochrome c release (Calviello et al., 2003) .
Etoposide. This anti-cancer drug induces apoptosis and, surprisingly, CD95-independent processing of caspase-8 in Jurkat cells. Consistent with this, thymocytes from CD95-deficient lpr/lpr mice readily undergo apoptosis in response to etoposide, indicating that CD95 is not required for etoposide-mediated caspase-8 processing and apoptosis (Boesen-de Cock et al., 1998). of this compound activate caspase-8 and their structural properties correlate with those required for inducing apoptosis (Fringuelli et al., 2003) .
1,4-benzothyazine (1,4-B) derivatives exert numerous effects in vivo and
Curcumin. Tumours induce thymic atrophy to evade the cellular immune response. Severe thymic hypocellularity, along with decreased thymic integrity, has been observed in tumour patients. Studies have shown that tumour-induced oxidative stress plays a critical role in thymic atrophy. This effect resulted from perturbation of nuclear factor kappa B (NFkB) activity by increasing cytosolic IkB alpha retention, which inhibited NFkB nuclear translocation in thymic T cells. These cells are vulnerable to tumour-secreted TNF-alpha, which mediates apoptosis by activating TNF receptor-associated protein, death domain-associated, Fas-associated protein death domain, and caspase-8. Curcumin prevents tumour-induced thymic atrophy by restoring NFkB activity. Thus, these results suggest that, unlike many other anticancer agents, curcumin is not only devoid of immunosuppressive effects, but can in fact restore immunity in tumour patients (Bhattacharyya et al., 2007b) .
Cyclophosphamide (CY)
, a DNA-damaging drug, is widely used to treat haematological malignancies and autoimmune disorders. However, the molecular mechanism of how apoptosis is induced by this drug remains largely unknown. Z-Val-Ala-DL-Asp-fluoromethylketone (Z-VAD-FMK) did not inhibit thymocyte and splenocyte depletion after CY treatment in mice. Caspase-8
and receptor-induced protein (RIP) were dispensable for 4-OOH-CY-mediated apoptosis, while overexpression of Bcl-2 was partially protective. These results strongly indicate that oxidative damage-induced nuclear translocation of AIF and EndoG in 4-OOH-CY-treated cells may represent an alternative death pathway in the absence of caspase activity (Strauss et al., 2008) .
5-azacytidine (5AzC)
is a cytidine analogue that causes DNA damage, which results in apoptosis, and DNA hypomethylation, which restores normal cell growth and differentiation.
Treatment with 5azC increased the frequency of TUNEL-positive thymocytes and level of cleaved
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increased dramatically in the thymus of 5AzC-treated animals. In conclusion, 5AzC-induced apoptosis of thymocytes in vivo is mediated by the extrinsic pathway and TRAIL activation (Tochitani et al., 2011) .
Enzymes and enzyme inhibitors
YO-2. Treatment of rat thymocytes with YO-2, a novel inhibitor of plasmin, results in increased DNA fragmentation and, therefore, increased thymocyte apoptosis. Plasmin inhibitory activity may play an important role in YO-2-induced apoptosis. Furthermore, stimulation of caspase-8, -9, and -3-like activities has been observed in thymocytes treated with YO-2 (Lee et al.,
2002).
Indoleamine 2,3-dioxygenase (IDO) is a tryptophan-catabolizing enzyme with regulatory effects on T cells resulting from tryptophan depletion in specific tissue microenvironments.
Tryptophan metabolites in the kynurenine pathway, such as 3-hydroxyanthranilic and quinolinic acids, induce selective apoptosis of murine thymocytes in vitro. Relatively low concentrations of kynurenines can induce T cell apoptosis that does not require Fas/Fas ligand interactions and is associated with caspase-8 activation and mitochondrial cytochrome c release. When administered in vivo, these two kynurenines can deplete specific thymocyte subsets similar to dexamethasone (Fallarino et al., 2002) .
Beta-estradiol.17-valerate (E2) induces thymic apoptosis and decreases thymic cellularity.
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at ASPET Journals on April 7, 2017 jpet.aspetjournals.org Downloaded from negative) mice was significantly less than that seen in wild-type mice. A caspase-8 inhibitor blocked E2-induced apoptosis of thymocytes in vitro, suggesting that E2 may induce apoptosis by activating a death receptor rather than the mitochondrial pathway. E2 treatment decreased the expansion and proliferation of peripheral Vbeta3+ T cells in response to the bacterial superantigen SEA, thereby suggesting increased induction of apoptosis in these cells (Do et al., 2002) .
Toxic agents and contaminants
Nickel(II) exposure produces multiple effects on the immune system, including thymic involution. Studies on a murine T cell hybridoma cell line, KMls 8.3.5.1, demonstrate that this effect is due possibly to induction of caspase-8-dependent apoptosis. Co-incubation of nickel (II) with caspase inhibitors markedly abrogated this apoptotic effect, with Z-IETD.FMK, an inhibitor of caspase-8, nearly as effective as less selective caspase inhibitors (Kim et al., 2002) .
Lipopolysaccharide (LPS)
, the endotoxin of Gram negative bacteria, can elicit a wide variety of pathophysiological effects, including endotoxin shock, tissue injury, and lethality in humans and animals. Lymphocytes exposed to Carassius auratus LPS exhibited a significant increase in intracellular reactive oxygen species, loss of mitochondrial transmembrane potential, depletion of ATP production, downregulation of Bcl-2 expression, upregulation of Bax and mitochondrial NO-synthase (mNOS) expression, and selective activation of caspase-9 rather than caspase-8. This mechanism differs from LPS-induced apoptosis in mammalian macrophage/thymocytes, which occurs via the TNF-alpha-mediated death receptor pathway (Xiang et al., 2008) . -1,4-dimethyl-5H-pyrido[4,3-b] indole , a contaminant in our daily diet, induces apoptosis in cultured lymphocytes. Trp-P-1 treatment induced DNA fragmentation and morphological changes in the thymus. Moreover, this compound activated caspase-8 and -3, leading to cleavage of poly(ADP-ribose) polymerase 1 h after injection. Nevertheless, Trp-P-1
3-Amino
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Therefore, Trp-P-1 activates both pro-and anti-apoptotic signals in vivo in the immune system, particularly in the thymus, with apoptotic signals overcoming the survival ones (Hashimoto et al., 2002) .
Sympathomimetic agents
Methamphetamine has been demonstrated to promote apoptosis by activating caspase-9 but not caspase-8 in rat thymocytes (Fujikawa et al., 2007) .
Agents causing thymus cell death
Geldanamycin, a compound that binds heat shock protein 90 (HSP90), modulates various cellular activities. For instance, when administered along with TPA, an activator of protein kinase C (PKC), geldanamycin induced apoptosis in thymocytes by reducing the mitochondrial transmembrane potential. These findings suggest that HSP90 modulates thymocyte apoptosis in concert with PKC by destabilizing Lck in a caspase-8 and -3-dependent manner (Ohta et al., 2007) .
Organotin compounds are known to cause thymic atrophy along with a deficiency in cellmediated immunity. Cell death was demonstrated to be a contributing factor in the induction of thymic atrophy following exposure to dibutyltin (DBTC) and tributyltin (TBTC). In an in vivo study, reversible thymic atrophy was induced in rats by a single intraperitoneal administration of DBTC or TBTC; the magnitude of this effect over a 4-day treatment period differed between the two agents. TBTC exposure induced apoptosis and caused a marked increase in caspase-8, -9, and -3 activity, while DBTC exposure induced necrosis without any significant change in caspase activity. Therefore, these results indicate that increased cell death induced by organotin compounds likely contributed to the thymic atrophy observed in the rats (Tomiyama et al., 2009 ).
DISCUSSION
In this review, we dissected the pharmacological modulation of caspase-8 in the thymus from the perspective of treating diseases by inducing caspase-8-dependent apoptosis. Despite its ubiquitous expression throughout the body, which raises the possibility of widespread side effects, modulation of caspase-8 activation may be selectively important for immunity because its genetic absence results in immunodeficiency disease (Pozzesi et al., 2013) . Furthermore, targeting caspase-8 activation could be effective in treating and preventing thymic atrophy, which is the hallmark of extrathymic medical conditions such as acute infections (Farias-de-Oliveira et al., 2013) , cancer (Bhattacharyya et al., 2007a; Bhattacharyya et al., 2007b) , or thymic GVHD (Na et al., 2010) , and aging (Aspinall et al., 2010) . The current trend in research focuses on discovering regenerative therapies (Boehm and Swann, 2013) ; however, preventing thymic atrophy by inhibiting caspase-8-dependent apoptosis could be an effective strategy for improving and prolonging thymus function.
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